Gram-negative anaerobic bacteria are etiologic agents of periodontal diseases. Depending on the severity, the disease can be broadly classified into two stages: gingivitis, characterized by tissue inflammation, and periodontitis, associated with attachment loss, alveolar bone resorption, and tooth loss (6) . Among more than 300 species identified in the oral cavity, a relatively small group of gram-negative organisms, including Actinobacillus actinomycetemcomitans, Bacteroides forsythus, Campylobacter spp., Capnocytophoga spp., Eikenella corrodens, Fusobacterium nucleatum, Porphyromonas gingivalis, and Prevotella intermedia, along with oral spirochetes, are the bacteria most frequently isolated from infected periodontal pockets and are thus recognized as potential periodontal pathogens (28, 37) . Interactions between bacteria and their surrounding epithelium are critical factors in bacterial infections (11, 12, 27) . Adherence to epithelial cells is important for colonization. Invasion allows the bacteria not only to evade the host immune surveillance but also to spread into deeper tissues. Histological studies of periodontal infections also indicated penetration of deeper tissues by cocci, rods, and fusi-spirochetal forms of bacteria in advanced periodontitis (1, 14, 25, 33) . So far, analysis of tissue attachment and invasion by oral bacteria has been focused on A. actinomycetemcomitans and P. gingivalis (8, 10, 22, 23, 26, 29, 34) . Both organisms invade by a "ruffling" mechanism; that is, they cause dramatic ruffling of host cell membranes at the site of entry, resulting in bacteria internalized in the form of spacious vacuoles (22, 26) . This ruffling mechanism is one of the two major penetration mechanisms used by invasive bacteria (11) . The other major entry mechanism, termed zipping, in which the invading bacteria remain in close contact with the host membrane during penetration, has not been reported for any oral bacteria.
Besides serving as a physical barrier, the epithelium also functions as a sensor for the presence of bacteria. The direct physical contact between bacteria and the mucosal surface triggers the expression of a variety of immune response mediators from epithelial cells (19, 30) . One such modulator is interleukin-8 (IL-8), a low-molecular-weight, proinflammatory chemokine which attracts and activates neutrophils (2, 30) . Expression of IL-8 has been suggested to represent an important regulatory mechanism leading to neutrophil migration into the gingival sulcus (2, 30) . Recent studies revealed that the effects of periodontal pathogens on the production of IL-8 from epithelial cells also vary (6, 18) .
Since periodontal diseases result from complex interactions of multiple microorganisms, it is essential to investigate the interactions between different periodontal bacteria and epithelial cells. Using primary cultures of human gingival epithelial cells (HGEC), we examined a selected group of putative periodontal pathogens for their tissue attachment and invasion properties and their roles in stimulating IL-8 production. Our findings revealed Fusobacterium nucleatum as a potentially important organism in periodontal infections. F. nucleatum is a filamentous human pathogen strongly associated with periodontal diseases (28) as well as infections and abscesses in other parts of the body (3, 5, 17) . Several potential virulence mechanisms have been proposed for F. nucleatum (7, 13, 15, 21, 24, 31, 35, 36, 38) . In this study, F. nucleatum 12230, a clinical transtracheal isolate used as the working strain in our laboratory, was found to adhere to and invade HGEC and to induce high levels of IL-8 secretion. The novel characteristics of tissue attachment and invasion were further verified using KB cells, and additional F. nucleatum strains were also tested.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1 . All bacteria were maintained either in brain heart infusion (BHI) broth (Difco, Detroit, Mich.) supplemented with hemin (5 g/ml; Sigma, St. Louis, Mo.) and menadione (1 g/ml; Sigma) or on BHI agar (Difco) plates, also supplemented with hemin and menadione, with or without 5% defibrinated sheep blood agar (Crane Laboratories, Syracuse, N.Y.). Cultures were incubated for 2 to 4 days at 37°C in an anaerobic chamber (Forma Scientific, Marietta, Ohio) containing 10% CO 2 , 5% H 2 , and 85% N 2 . F. nucleatum 12230 lam (for "less adhesive mutant") was a spontaneous mutant, defective in autoaggregation, that was isolated by progressive enrichment of the nonaggregating fractions of the liquid cultures. Briefly, F. nucleatum 12230 was grown to stationary phase in 10 ml of BHI broth. Avoiding the precipitated aggregates at the bottom of the tube, 1 ml of the culture was transferred to a sterile Eppendorf tube and centrifuged at 5,000 rpm for 5 min. After centrifugation, 200 l of the supernatant was removed and inoculated into fresh BHI broth, which was incubated at 37°C until the bacteria reached the stationary phase. The procedures were repeated six to eight times until a homogeneous culture without any precipitation was obtained. Single colonies were then purified from this culture, reinoculated into fresh BHI broth, and grown to stationary phase to determine their autoaggregation properties. One colony, when grown in broth, consistently yielded homogeneous cultures with no precipitation of autoaggregates. When the broth was examined under a light microscope, the organism remained singular, in contrast to the formation of large autoaggregates seen with the wild-type F. nucleatum 12230 (data not shown). Therefore, this isolate was saved and designated lam.
Epithelial cell cultures. Primary cultures of HGEC were prepared as previously described (32) . Gingival tissues were collected during oral surgery from dental patients with or without periodontal infections. The collected gum tissues were digested with dispase (2.4 mg/ml; Boehringer Mannheim, Indianapolis, Ind.) and collagenase (150 U/ml; Sigma). Following incubation, the surface epithelium was digested further in 0.05% trypsin solution (GIBCO, Buffalo, N.Y.) for 5 to 10 min. The cells were collected and resuspended in keratinocyte growth medium 2 (KGM-2; Clonetics, San Diego, Calif.). The cultures were incubated at 37°C under 5% CO 2 until confluent. The cells were then suspended with trypsin and seeded into either 24-well trays or 6-mm-diameter dishes for tissue attachment and invasion assays or for electron microscopy studies, respectively. The KB cells were maintained in Dulbecco minimal essential medium (GIBCO) containing 10% fetal calf serum (GIBCO) and 50 g of gentamicin (GIBCO) per ml and were processed as described above for the assays.
Tissue attachment, invasion assays, and detection of secreted IL-8. Attachment and invasion assays were conducted as previously described (16) with modifications for oral bacteria. Epithelial cells were grown to near confluency (5 ϫ 10 4 to 8 ϫ 10 4 cells per well) for the assays. Bacteria were added at a multiplicity of infection of 50 to 100 and incubated under 5% CO 2 at 37°C. For invasion assays, the incubation was continued for 3 to 4 h. Following incubation, the supernatant was collected and stored at Ϫ20°C if the amount of IL-8 was to be determined. The monolayers were washed twice with sterile phosphate-buffered saline (PBS), fresh medium containing gentamicin (300 g/ml) and metronidazole (200 g/ml; Sigma) was added, and the monolayers were incubated for an additional 1 h to kill extracellular bacteria. The monolayers were rinsed again with PBS before being lysed with sterile water. Internalized bacteria were enumerated on BHI agar plates. For attachment assays, the bacteria were incubated with the monolayers for 1 h and then washed four times with PBS. The monolayers were lysed with water, and total cell-associated bacteria were enumerated on BHI agar plates. Control experiments showed that bacterial viability was not affected by the water treatment during cell lysis. Multiplication of the bacteria in the tissue culture medium during the assay was minimal. Therefore, unless otherwise indicated, the levels of attachment and invasion were expressed as the percentage of bacteria retrieved following cell lysis relative to the total number of bacteria initially added. All experiments were performed in duplicate or triplicate and repeated at least three times. For the inhibitory attachment assays, various sugars were incubated with the monolayers at 37°C for 30 min at a final concentration of 33 mg/ml, prior to the addition of F. nucleatum. The inhibitory invasion assays were carried out as described by Deshpande et al. (8) . The inhibitors did not affect the viability of either the epithelial cells or F. nucleatum at the concentrations used. To visually demonstrate attachment of wild-type and mutant F. nucleatum, gingival epithelial cells were seeded onto chambered, tissue culture-treated glass slides (Falcon, Franklin Lakes, N.J.). Following a 1-h infection, the chambers were rinsed with PBS and photographed using a Zeiss microscope camera with a 40ϫ objective. To determine the amount of IL-8 secreted by HGEC, enzyme-linked immunosorbent assays were conducted by the procedures of Huang et al. (18) . Electron microscopy. HGEC or KB cells were grown to near confluency before infected with bacteria. After a 3-h incubation, the monolayers were washed 6 to 10 times with PBS and then treated for 2 min with 0.25% trypsin-1 mM EDTA (GIBCO) (for HGEC) or for 5 min with cell dissociation buffer (GIBCO) (for KB cells). Detached cells were collected in microcentrifuge tubes, rinsed with PBS, and fixed in 4% buffered glutaraldehyde fixative. Samples were postfixed in osmium tetroxide, dehydrated in graded acetone, and embedded in Spurr lowviscosity embedding media. Thin sections of the specimens were viewed and photographed with a Simens Elmiskop 101 transmission electron microscope.
RESULTS
Attachment to and invasion of HGEC. Attachment to and invasion of HGEC by oral bacteria were tested using primary cultures of gingival tissues obtained from dental patients with or without periodontal infections. P. gingivalis 381 was included as a positive control. All values obtained with other bacteria were compared with those obtained with P. gingivalis 381. For each individual assay, HGEC isolated from the same patient were used for all bacteria. Shown in Table 2 Production of IL-8 upon infection by oral bacteria. The levels of IL-8 secreted by HGEC at 4 h after infection by oral bacteria were also measured ( Table 2 ). All strains induced IL-8 production by HGEC in this assay. F. nucleatum stimulated the greatest IL-8 production, while P. gingivalis induced the least. When HGEC from different individuals were tested, C. curvus, E. corrodens, F. nucleatum, and Prevotella intermedia consistently stimulated the production of IL-8, with F. nucleatum acting as one of the strongest stimulators (data not shown). B. forsythus induced very low levels of IL-8 secretion. The levels of IL-8 produced upon infection by P. gingivalis fluctuated from moderately increased to moderately decreased (data not shown).
Attachment to and invasion of KB cells. F. nucleatum 12230 and additional strains of this species were tested for their ability to adhere to and invade KB cells (Table 3) 10953, ATCC 25586, and PK 1594 all adhered strongly to KB cells. F. nucleatum ATCC 10953 and ATCC 25586 were also highly invasive, whereas PK 1594 was only slightly invasive.
Inhibition of invasion of HGEC and KB cells. To dissect the invasion process, a group of metabolic inhibitors were tested (Table 4 ). The extent of inhibition varied when HGEC from different individuals were used (data not shown). Nonetheless, the results indicated that for both HGEC and KB cells, invasion by F. nucleatum required multiple components of the host, including actin, microtubules, signal transduction, protein synthesis, and energy metabolism. Chloramphenicol inhibited protein synthesis without affecting the viability of F. nucleatum (data not shown). The results indicated the requirement for a bacterial protein component(s) in the process.
Inhibition of attachment to KB cells. To determine whether the attachment of F. nucleatum to epithelial cells involves a lectin-like adhesin(s), various sugars were tested (Table 5) . Galactose-containing sugars (galactose, N-acetylgalactosamine, and lactose) strongly inhibited the adherence of F. nucleatum to KB cells, whereas non-galactose-containing sugars had little or no effect.
Electron microscopy. Transmission electron microscopy (TEM) was performed to further verify invasion of HGEC and KB cells by F. nucleatum 12230. Shown in Fig. 2 are transmission electron micrographs elucidating different invasion stages, ranging from the bacterium halfway inside the cell ( Fig. 2A and C) to completely internalized ( Fig. 2B and C) . Once internalized, the bacterium resided in the cytoplasm and was confined to a membrane-bound vacuole (Fig. 2B and C, inset) . This process has characteristics of a zipping mechanism (11). The frequencies of intracellular F. nucleatum 12230 observed under TEM correlated well with the invasion activities obtained in the quantitative assay (data not shown). Upon screening of samples prepared with HGEC infected with F. nucleatum 12230 lam, C. curvus ATCC 35224, or E. corrodens ATCC 23834, respectively, no intracellular bacteria were detected (data not shown); the same negative result was also observed with B. forsythus ATCC 43037 (S. Holt, personal communication). Only one internalized Prevotella intermedia ATCC 49046 was detected by TEM screening (data not shown).
DISCUSSION
Periodontal diseases result from complex actions of a group of periodontal bacteria, mostly gram-negative anaerobes. However, so far only a few, such as A. actinomycetemcomitans and P. gingivalis, have been characterized as bona fide periodontal pathogens. Other gram-negative organisms, although often linked to various forms of periodontal diseases, are considered only putative pathogens, largely due to our limited understanding of their virulence potential. Therefore, we set out to analyze the virulence mechanisms of a selected group of putative periodontal pathogens, including B. forsythus, C. curvus, E. corrodens, F. nucleatum, and Prevotella intermedia, while P. gingivalis served as a positive control. The focus of our study was on interactions between these bacteria and oral epithelial cells. To mimic the in vivo situation as much as possible, primary cultures of HGEC were initially used in the in vitro model system. Three biological activities often associated with virulence were measured: bacterial attachment, invasion, and induction of IL-8 production. Our rationale for such a general screening was to identify potential virulence mechanisms of these oral bacteria to help elucidate their relevance to periodontal disease.
Adherence is a common characteristic shared by many pathogens since it is a crucial step for establishing an infection. All strains tested in this study adhered to HGEC except C. curvus ATCC 35224, suggesting that these bacteria have the potential to interact with the epithelium to establish colonization. Since only one strain from each genus was selected in our screening, it is possible that variations among species exist. For instance, other oral campylobacters may exhibit adherence properties despite the inability of C. curvus ATCC 35224 to attach to HGEC.
Invasion of epithelial cells by oral bacteria has attracted considerable attention (27) . The majority of the putative pathogens screened in this study, however, exhibited limited invasiveness. Prevotella intermedia ATCC 49046 was weakly invasive, if at all, with its invasion level being about 1/20 that of a The assays were carried out as described in the text. Shown here are representative results (mean Ϯ standard deviation). The assay was carried out in duplicate and repeated at least three times.
b The attachment and invasion levels were expressed as indicated in the text and Table 2 , footnote b. The background was Ͻ0.01% Ϯ 0.00%. a The inhibitors were preincubated with either the host cells (HC) or F. nucleatum (Fn) as described in the text. The concentrations of the chemicals were as follows: cytochalasin D, 1 g/ml; nocodazole, 10 g/ml; staurosporine, 1 M; cycloheximide, 100 g/ml; sodium azide, 50 mM; and chloramphenicol, 5 g/ml.
b The level of invasion was expressed as a percentage of the control level without any inhibitors. Means and standard deviations are given. F. nucleatum 12230, on the other hand, was distinguished from the rest of the group in the invasion assays. This organism was demonstrated to be highly invasive, with its activity being comparable to that of P. gingivalis. To the best of our knowledge, this is the first documented study demonstrating such invasive properties for F. nucleatum. The fact that the lam mutant was defective in attachment and invasion of HGEC implied the requirement of a bacterial component(s) during these processes. Therefore, the possibility of an invasion artifact was unlikely. The spontaneous lam mutant was defective in aggregation with human lymphocytes and coaggregation with P. gingivalis as well (unpublished results). Several adherence modes and putative adhesins have been proposed for F. nucleatum (20, 24, 35, 36, 38) . It is possible that one or more adhesins are involved in various adherence and invasion processes. Alternatively, different components may be required for different adherence functions and lam was simply pleiotropic. The nature of the mutation in this lam mutant is under investigation.
Once the invasion phenotype of F. nucleatum was established using HGEC, invasion of KB cells was examined. Both F. nucleatum 12230 and its lam mutant exhibited similar relative levels of invasion of KB cells, as with HGEC. Electron microscopy also revealed similar patterns of invasion of HGEC and KB cells by F. nucleatum 12230. Due to the distinct large size of this organism, different stages of penetration were easily visualized. It appeared that F. nucleatum 12230 invaded both cell types via a zipping mechanism, which is the first report of this mechanism for an oral bacterium. Upon internalization, the organism apparently resided in vacuoles. Furthermore, metabolic inhibition assays showed that invasion required the participation of host actin, microtubules, signal transduction, and energy metabolism. Invasion required protein synthesis by F. nucleatum as well. These observations suggest that invasion of HGEC and KB cells have significant similarities. Therefore, KB cells may be employed in certain studies in the future in place of HGEC for ease of manipulation. The adherence of F. nucleatum 12230 to KB cells involved a galactose-binding lectin(s), since the attachment was greatly inhibited by galactose-containing sugars. This property is currently being utilized to identify adhesins of this organism. It is possible that a nonlectin-like adhesin(s) may also be involved in the interactions between F. nucleatum and the host cells. Using KB cells, additional strains of F. nucleatum were tested for attachment and invasion. The results suggested that invasion was a rather common feature of the species, supporting early histological findings of penetration of deeper tissues by fusiform bacteria in periodontal patients (1, 14, 25, 33) .
Besides bacterial penetration into deeper tissues, one other important characteristic of periodontal infection is inflammation, a result of neutrophil infiltration into infected sites (2, 30) . Continuous production of proinflammatory cytokines, such as IL-8, appears to be important for the progression of periodontal infections and tissue destruction (30) . With the exception of P. gingivalis 381, all the bacteria tested in this study consistently stimulated the production of IL-8 as early as 4 h postinfection, implicating their ability to induce inflammation. Previous studies revealed that when epithelial cells were infected at high doses, or if the infection persisted, P. gingivalis 381 suppressed the production of IL-8 (6) . In the present study, the effect of P. gingivalis 381 on IL-8 production was minimal, varying from moderate suppression to moderate stimulation. This discrepancy could be attributed to two factors: a low infectious dose (multiplicity of infection, Ͻ100:1), and a relatively short period of infection (4 h). The initiation and progression of periodontal infections may be affected by the dynamic competition between suppression and stimulation of immune mediators by various periodontal bacteria. Combining evidence obtained in this study with the results of an earlier study (6), we found that F. nucleatum is likely to be a strong stimulator of IL-8 production throughout the course of infection. This conclusion is consistent with clinical studies demonstrating that F. nucleatum is highly prevalent during the early stages of inflammation associated with gingivitis (28) .
In summary, we have demonstrated that several potential periodontal pathogens were able to adhere to oral epithelial cells. The majority of these organisms were also capable of inducing IL-8 production from these cells. In particular, F. nucleatum was highly invasive for both HGEC and KB cells and was a potent stimulator of IL-8 expression. With its length of 10 times that of Escherichia coli, F. nucleatum 12230 is by far the largest bacteria demonstrated to invade a mammalian cell. Thus, it could potentially be developed into an excellent model system to study the cellular processes of invasion. In addition, F. nucleatum may be an important contributor to periodontal disease either directly or by serving as a mediator of plaque colonization for other virulent anaerobes.
